Strong interaction of gold with the terminal sulfur atoms of dithiol molecules on Au͑111͒ effectively suppresses the penetration of deposited Au atoms through the dithiol layer and results in the formation of homogeneous Au nanoclusters. These nanoclusters, 10-15 Å (Ͻ2 Å) in height, spread over the surface with a density of ϳ1.2ϫ10 13 /cm 2 for coverage between 0.25-2.5 monolayers. Decoupling of the clusters from Au͑111͒ by the octanedithiol layer ͑ϳ12 Å in thickness͒ and the small self-capacitance of these nanoparticles (10 Ϫ19 -10 Ϫ18 F) make it possible to observe both the Coulomb blockade in scanning tunneling spectroscopy and the Au 4f core level shifts in x-ray photoelectron spectroscopy at room temperature. Both phenomena can be attributed to a common physical origin-e 2 /2C-the Coulomb energy of charged particles. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1409585͔
Performance of a single electron tunneling ͑SET͒ transistor depends greatly on the capacitance between the central island and external electrodes. 1 The smaller the capacitance, the larger the charging energy (⌬Eϭe 2 /2C), and the higher the operating temperature. Recently, devices operated at room temperature have been reported. 2, 3 When the device dimension is down to the nanometer scale, the conventional capacitance model for parallel plate condensers is no longer applicable, instead, the self-capacitance of the central island becomes dominant. 4 The self-capacitance is defined as 4⑀ 0 r when the small central island is spherical with a radius of r. For such small structures, the energy for electron injection and extraction should be treated as electron affinity and ionization energy, respectively.
On the other hand, the charging effect of metal clusters has also been studied by x-ray photoelectron spectroscopy ͑XPS͒. The ionization energy of clusters are found to depend on the cluster size. 5 When an x ray ejects an electron out of a cluster, the Coulomb interaction between the photoelectron and the hole left behind in the cluster lowers the kinetic energy of the electron by ⌬Eϭe 2 /2C, where C is the selfcapacitance of the cluster, as just defined. Although metal clusters are limited to have only positive charges in this case, the origin of this charging phenomenon should be the same as for the SET effect, and similar behavior could thus be anticipated for both tunneling spectroscopy and photoelectron spectroscopy.
In this letter, we report the size-dependent charging effect of Au clusters grown on top of the self-assembled monolayers ͑SAMs͒ of octanedithiol molecules ͓HS͑CH 2 ͒ 8 SH͔ that are formed on atomically flat Au͑111͒ surfaces. We found that, with increasing deposition of Au, Au nanoclusters grow monotonically on top of the dithiol layer due to the strong coupling between clusters and exposed terminal sulfur atoms. The electronic features of homogeneous metal clusters are investigated by scanning tunneling spectroscopy ͑STS͒ and XPS, which show a consistent picture of nonlinear I -V characteristics and core-level binding energy shifts. A unified view of charging effects is proposed to tie together all these observations through the Coulomb energy ⌬E ϭe 2 /2C. The preparation method of Au͑111͒ substrates is the same as reported elsewhere. 6 These substrates were subsequently dipped into a 1 mM octanedithiol solution of ethanol, incubated at 55°C for more than 1 day and then rinsed by ethanol. Finally, Au was deposited onto these substrates at room temperature by an electron beam evaporator with a rate of 0.01 monolayers/s. 6 The surfaces were observed by scanning tunneling microscopy ͑STM͒ in air ͑JEOL Ltd., JSTM-4200S͒ using a mechanically cut PrIr ͑10% Ir͒ tip. The surfaces before and after Au deposition were also analyzed by XPS ͑PHI 5400͒ using Mg K␣ x-ray ͑1253.6 V and 200 W͒. The binding energy is scaled with reference to the bulk Au 4 f level at 84.0 eV. The spectra were acquired with a pass energy of 35.75 eV. From relative intensity analysis of C 1s, Au 4 f , and S 2p spectra, it was found that the thickness and atomic concentration of octanedithiol layer are comparable to those of octanethiol SAMs. Figure 1 shows an STM image of uniform Au nanoclusters deposited on top of SAMs of octanedithiol molecules. The Au clusters were removed from the central square area through careful manipulation of a STM tip at appropriate conditions ͑described next͒. Inside this exposed square area, smooth Au͑111͒ terraces adorned with small Au islands of a monoatomic height are clearly visible. The amount of penetrated Au atoms is estimated to be less than 10% of the total deposited Au, in contrast to the monothiol SAMs in which most of the Au atoms go through the layer. 6 XPS analysis shows that the free sulfur atoms decrease rapidly upon the increase of Au coverage, which suggests a high sticking probability at the sulfur sites. Although the process of cluster formation is not fully understood on an atomic level, the homogeneous growth and the high cluster density ͑approxi-mately 1.2ϫ10 13 /cm 2 ͒ are probably related to the high sticking probability and successive coalescence of atoms. As shown in Fig. 1͑c͒ , the apparent height of Au clusters grow monotonically upon the increase of coverage with a small standard deviation ͑͒ of less than 2 Å. The height is larger than the cluster size estimated for a given coverage because the octanedithiol molecules, which is about 13 Å in length, also contribute to the height profile. Since the curvature of a STM tip apex is larger than the size of the obtained clusters, the growth behavior of the clusters in lateral direction could not be precisely resolved.
The removal of clusters in Fig. 1͑a͒ was performed by scanning the square area with a much closer tip-substrate distance with respect to the imaging condition. This was made possible by setting the tunnel resistance (RϭV b /I t ) close to the resistance between cluster and substrate. A clear threshold (R th ) for the manipulation was observed; typically, R th is 4 G⍀ at 0.65 monolayers ͑ML͒ and 140 M⍀ at 1.25 ML, respectively. In general, when the tunneling resistance R is 10% greater than the threshold resistance R th , no clusters were removed, whereas scanning at the threshold R th moved away most of nanoclusters from the area.
XPS results give further evidence of the growth and the surface structure just described. Both S 2p spectra of octanethiol and octanedithiol molecules on Au͑111͒ are shown in Fig. 1͑d͒ . The spectrum of octanethiol SAMs shows only one component of the spin-orbit splitting (2p 1/2 , 2p 3/2 ). The binding energy of 2p 3/2 is 162.0 eV, which comes from the sulfur atoms bound to the Au͑111͒ substrate. On the other hand, the 2p 3/2 spectrum from layers of dithiol molecules consists of two components, 163.5 and 162.0 eV, with the higher-energy peak ascribed to the exposed terminal sulfur atoms on the layer surface and the lower-energy peak to the bound ones to the substrate, respectively. Upon the deposition of Au up to 1.3 ML, the intensity of the former 2p 3/2 peak ͑163.5 eV͒ decreases dramatically and instead, the broader spectrum (ϳ162.8 eV) appears due to the bonding with clusters. A higher binding energy in comparison with the S atoms bound to the Au substrate is probably due to the size effect of Au clusters. Electron transfer to a sulfur atom from an Au cluster is less than that from the bulk Au substrate since the number of Au atoms per bound S atom is limited for each individual cluster and more importantly, loss of electrons from a cluster is not energetically favorable. The spectral broadening is also related to both the size distribution of clusters and the deviation of the number of sulfur atoms attached. Another possibility for the peak shift and broadening is the final-state effect, analogous to the Au 4 f core-level shift ͑described next͒.
STM is used to probe the electron transport through Au nanoclusters on dithiol layer. When the tip is located above an area where Au clusters are absent, I -V curves show almost linear characteristics around the origin and the tunneling current increases exponentially at a higher bias due to the barrier suppression. 7 In contrast, above an Au cluster, the current is strongly suppressed around the origin, as shown in Fig. 2͑a͒ . The gap size, ⌬V, is closely related to the size of clusters. As the coverage increases and Au clusters grow bigger, the gap size becomes smaller. Due to the nanometer scale cluster size and the resultant small capacitance between an Au cluster and its surroundings, large gap sizes in the range of 200-400 mV enable us to observe the Coulomb blockade at room temperature.
The cluster size effect is also revealed in the Au 4 f core-level binding energy shift. As shown in Fig. 2͑b͒ , the spectral peaks shift to a higher binding energy with respect to the bulk Au. The shift (⌬E) is as large as ϳ0.7 eV at a low coverage of 0.25 ML, and it becomes smaller with the increase of coverage. The origin of this shift is associated with the Coulomb interaction between an emitted photoelectron and a hole remaining behind in the cluster when an x-ray impinges on the Au nanoparticle. This hole in the cluster will be annihilated by an electron from the substrate, sooner or later. The lifetime of a hole can be estimated by ϭRC, where R is the resistance between cluster and substrate and C is the self-capacitance of the cluster. For the present Au nanoclusters, typically, Rϳ10 8 ⍀, Cϳ10 Ϫ18 F, and hence, ϳ100 ps, long enough for the emitted photoelectron (ϳ1165 eV) to feel the positive charge potential from the hole. This binding energy shift is expressed by ⌬E ϭe 2 /2C, the same as the charging energy in single electron tunneling. The difference lies in the polarity of charging: in the case of XPS, the cluster is charged only positively. Figure 3 shows the capacitance of Au nanoclusters calculated from the STS (Cϭe/⌬V) and XPS (Cϭe 2 /2⌬E) data as well as estimated ones for free and bound clusters at different coverage. The capacitance from both STS and XPS increases from 10 Ϫ19 to 10 Ϫ18 F with increasing deposition. A slightly larger value from STS can be explained by the contribution from the tip-to-cluster capacitance. The estimated capacitance, taking into account the dielectric constant of octanedithiol molecules (⑀ϳ2.7), 8 gives a satisfactory agreement with experimentally determined values. The slight difference is related to the following aspects. ͑1͒ Quantummechanical effects 9 are neglected for the capacitance estimation. ͑2͒ The Fermi energy of the clusters is assumed to align with that of the grounded substrate, which is not necessarily true. ͑3͒ Horizontally, the high density of Au clusters leads to a short distance of ϳ30 Å between island centers. Since the cluster size is in the range of 10-15 Å in diameter, at high coverage such as 2.5 ML, the face-to-face distance between nearest clusters becomes smaller than the cluster-substrate distance and some of clusters may even coalesce with each other, which would also result in an increase of the real capacitance.
In conclusion, we have fabricated homogeneous Au nanoclusters on top of the SAMs of octanedithiol molecules. Both tunneling spectroscopy and photoelectron spectroscopy exhibited a consistent size dependency of charging effects. All these observations indicate that the Coulomb energy associated with charging effects, ⌬Eϭe 2 /2C, is the common physical origin for the two processes. The effects obtained in this work are important for the investigation of metal/organic interfaces and electronic states of nanoclusters.
